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Introduction . ’ . s

The purpose of this study guide is to provide a background of basic infor-
mation on electronic semiconductor devices and their applications. The ..
rapid growth of semiconductor technology is forcing changes in our approach
to teaching and learning practical éppliéations of eiectronic devices.
Integrated circuit tecnnology has now reached the stage where most commonly
used circuits can be placed on a single I.C., even though they require .
thousands of electronic componenets. Circuit design theory is being replaced
by circuit application and system design considerations because circuit
desidn is already incorporated in the 1.C.'s. Students must now become
familiar with transfer characteristics of I.C, devices so as to understand.
how to-inter-connect them and interface ttrem W1th transducers to form bpera-
tidﬁal?3ystems.

Integrated circuits are divided into two broad cutcacrie:z: lincar crrcuits .
and digital circuits. « Linear cirguits are usecd £ rrocess anale: infor- \
mation in which the .integrity of a continuously changing siqnal must be
preserved. Digital circuits are uscd to process juantized information
which is presented as a series of pulses.

Many of the functions formerly performed by deuicated logic gate circuits
are now being performed by microprocessors which ~an be -programmed to .
perform a wide range of logical operations. To provide an understanding -
of the langquage of microprocessors, a section on binary arithmetic and ) |
binary codes is also included in the digital circurt discussions. 1

‘Material in this study gqguide will provide the background needed to interpret
the essential specificaticns and overational characteristics of basic
analog and digital circuits. . 1
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¢ Diodes are circuit elements which conduct electricity more readily in one
direction than in the other. When N-type and P-type semiconductor materials
are joined together, they form a junction diode which conducts when the P
material is connected to a positive voltage and the N material is connected
to a negative- voltage (forward bias). When the polarity is reversed (reverse
bias), the diode forms a high resistance. .

‘At the junction of the N-type and P-type semiconductor material an exchange
of electrons and holes across the junction forms a narrow region in which
there are feéw holes in the P material and few electrons in the N material.

N .

This is referred to as the depletion region. The ©p ite charge that
builds up on each side of the junction creates a difference in potential
across the junction which is called the potential barrier. An external
voltage sufficiently large to overcome this potential barrier must he .
applied in order for a semiconductor diode to conduct.

There are two types of semiconductor materials commonly used in making
junction diodes. These are germanium and silicon. Diode action is the
same for both types of material; they differ only in their characteristics.
Figure 1.1 shows the voltage~-current characteristics of a germanium diode
and a silicon diode. Two important points on these curves are the forward
bias voltage, required to initiate conduction and the peak inverse voltage
(P1V) which is the reverse voltage that causes the diode to break down and
conduct in the reverse direction.

IP (mA)

Forward
PIV Bias
Voltage
-=20V -50V

3

.6

.3 .6 .9

*. - arrier* " Barrier
Potential Potential
(A) Germanium Diode (B) Silicon Diode

Figure 1.1 Characteristic Curves
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The P-type material of a diode forms the anode and the N-type material .
forms the cathode. Most diodes Use a color band to indicate the cathode
terminal. Figure 1,2 shows the schematic symbol of a diode and a forward
bias and reverse bias diode circuit.

- IF .
Cathode ‘ .

Forward Bias Reverse Bias

t
da

Figure 1.2 Junction Diode and Schematic Symboi

Temperature has an adverse effect.on both the forward and reverse current .
‘ characteristics of a diode. The maximum forward current a diode can safely
handle is always given in its specification sheet. Sincg diodes have some
material resistance, heat. generated internally due to i"R power dissipa-
tion can destroy the diode unless current is-held within specified limits.

Section B - Power Diodes -

Dioces which must handle large amounts of current are constructed and pack-
aged so as to minimize the heat generated within the diode and provide a
good heat transfer path to dissipate the heat that is generated. These
diodes are used primarily in rectifiex cirxcyits and output driver circuits
for high power DC loads. Power diodes are uSually silicon diodes with

large junctign areas whith provide low junction resistance and therefore

low power (i"R) losses under high current conditions. The current carrying
capa‘city of a diode circuit can be doubled by placing two diodes in parallel.
The absolute value of peak inverse voltade which two similar diodes connected

in series can withstand is twice as great as that of either diode alone.
}

at
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Power diode specification sheets give power diséﬁpation vs, case temperatures
curves. - These curves provide the information necessary to make the proper
choice of diodes for a particular applicaticn in a known environment. When
operating conditions dictate, it may be necessary to mount power diodes on
heat sinks and use either convection or forced air cooling to keep their
operating temperature within specified limits. An example of power diodes

is shown below.

Heavy
. Metal Lug
. (Anode) . .
S Shaped :
Wire Glass Top ’
. s Connection
Metal Case .
Metal .,
Supporting -
e Semiconductor ’ .

wafer
(PN Junction)

. Threaded
Stud
(Cathode)

Figure 1.3 Power Diode

Section C - Zlectrooptical Devices
- \ ]
Electrooptical devices are classified as light sensitive or light emitting
devices. Light sensitive devices respond to changes in light intensity by
either changing their internal resistance (photoconductive cells) or by
generating an.output voltage (photovoltaic cells).
Lightgghinting devices produce light when they are enerqued by’electrlc
current or voltage. .

Light Emitting Diodes (LED)

Light emitting diodes are PN junction diodes that emit light due to the
release of energy during electron-hole re-ombination when current is forced
through the junction. The color of the emitted light depends on the material
of the device. Gallium-arsenide phosphide produces a red light of approx-'
imately 660 nm. By adjusting their chemical composition, LED's can be ' made
to emit light of wavelength from 550 to-910 nm.

’
o

»n
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LED Characteristics -

- “

The schematic symbol-for an LED is shown in Figure 1,4(c). The rélationship
betveen voltage and current on a typical LED°is shown in Figure 1.4(a).
Piquré 1.4(b) shows the relationship between the forward current and the

output radiant power. Note that the output radiant power increases lincarly
with forward current. ) , . P
(a) Current vs Voltage * (d)  output rower vs. Current
60 100 .

0 * 75 / .
) ) Relative Al | ’)'
20 Power (%) 50 / %F .
11 ) "

. 10 25 7. (c) Schematic
“// Symbol
- .4 B1.21.6 . 97710 20 30 40 50 60
(V) (volts) ) If (ma)

Figure 1.4 LED.Characteristics

Applications N

A

In most applications, the LED should be connected in series with a current
limiting resistor to prevent its destruction due to excessive current. N

_ LED's are used extensively as readout indicators, opticfl cpuplers, optical

limit switches, and punched card and tape readers. :

Séction D -~ Thyristors

Thyristors';re electronically controlled solid state switches. They are
used as either an on-off switch or as a momentary interrupt switch to -
control power being applied to a load. Some thyristors control current

flow in one directionconly, others control current in both directions.
The -most widely used thyristors are the silicon controlled rectifier, the
bidirectional triode thyristor, the bidixectional trigger diode, the uni-
junction transistor, and the programmed unijunction transistor. We will
discuss only the silicon controlled rectifier (SCR) which is the most

widely used thyristor.

Silicon Controlled Rectifiex‘ (SCR)

Q
The SCR is a three element solid state device composed of a cathode, an anode
and a date. . The forward breakover voltage between the cathode and anode
is a function of the applied’gate current. Once the forward breakover voltage
is reached, the SCR is no longer under control of the gate current but
will continue to conduct until the anode current drops below its minimum
operating value. The minimum operating currént is referred to as the SCR's
holding current, IH' The schematic symbol and operating characteristic
curve of a typical

SCR is shown in Figure liil) o

of




’ Holding \ '
S Current]:H seo

A » — K
. _ . p2 . v
- \Frwa.rd ‘
G &kdown

Schematic Symbol of SCR Voltage

. : A Operating Charactgristics of SCR
? " FBigure 1.5 S , with Open Gate, I.=0 (

N

3 As the gate current of the SCR is increased the forward breakdown voltage
o decreases. The ability of the gate current to control the breakover point
provides. the SCR with its variable control characteristics. Figure 1.6
shows the forward characteristic curves of an SCR with several different
values of gate current. . ‘

2

Figure 1.6° SCR Forward Characteristics for Three Values of I

Applications ' ’ . j‘
: ° 1
SCR's are used primarily for motor on=-off controls and to vary the amount ‘*
of power applied to a load. Motor speed-torque control and light dmmerk\

are two of the most common applications of SCR control circuits.
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Section E - Zener Diodes

Ordinary PN junction diodes will be dama
in excess of their reverse breakdown vel
to operate under these conditions is cal
are designed to operate with a reverse
voltage applied across their, terminals.

diodes exhibit a
changes in curren
drop across it.
voltage levels.
of a zener diode

very sinall value of
t through the diode ca
Zener .diodes are avail

\

ed if operated at voltage levels
age. KA special PN diode designed
ed-a zener diode. Zener diodes
ltage greater than their breakdown
En its breakdown region,’ zener
esistance. That is, very large

e very small changes in voltage
le in a wide range of breakdown,

The schematic symbol and operating characteristic curve -t

is shown in Figure 1.7/

Schematic Symbol

Zener
Breakdown
Voltage -~ +

o

[X 2

°

Figure 1.7 - Zener Diode Schematic and Characteristic

Applications .

q

3

Zener diodes are used extensively in voltage regulating circuits. A
resistance should always be placed in series with a zener in order to limit °

the current through the diode. A typical zener vcltage regulator circuit

is shoéwn in Figure 1. 8.

v

Unregulated

DC In -
v, ~ tz
in

DC Out .
I _ o

R lRegulatéd
L
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Tt Jn designing zener regulator cirduits R_ must be selected so that Vg equals
n minus 'V . Tho zcner breakdown voltage and T must be such that the
lpecified mEximun current of the zener is not exBeeded. The value of R
can be found from the following equation..

L3 Y
' The power dissipated in the diode can be determined by the following
equation. ) . v

Pz must not exceed the specified maximum power rating of the diode.

*

Section F - V-.ractor Diodes -

When PN. junction diodes are reverse biased, the depletion region between
. the junctions acts as an insulator and separates tiie P and N sections of

) . the diode as a dielectric separ .es the plates of a capacitor. A
varactor is a diodle-designed to optimize this capacitance characteristic
of a junction dfode. As reverse voltage bias across the junction is increased,
the depletion layer .increases and the capacitance, which is inversely propor-
«~ tional to the distance between the plates, becomes smaller. - Figure 1.9 shows
-a typical capac1tance vs voltage curve for a varactor.

.

& - no : -
-~ A

- ‘Diode -
) Capacitance
(pF)

.  FReverse Voltage (V)

=Y 4
N
o
w
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Due to the bulk resistance of the semiconductor material, varactors are
effectively an R-C series circuit. As such, they have a measurable Q
just as any other capacitor. The Q of the varactor is

L Q= ¢ or Q= _
' R 27£CR

Since the capacitgnce of ‘a varactor changes with voltage; Q must be
defined for particular operating conditions if it is to have any useful

value. At the frequency that X = R, Q of the varactor will equal one.
The frequency at which this occurs is called Lhe cut~-off frequency
(f ) of the varactor. >
fco = 1
- 27RC

The schematic symbols for a varactor are slown in Figure 1.10.

Figure 1.10. Schemat? . - ‘ol for Varactor

Applic-tions

Varactors can be used in any circuit requiiing a variable capacitor. They
are used extenszvely in FM and AM ,ommunication circuits where frequency
adjusting and control circuits are required A common application is in a

_ voltage controlled oscillator (VCO) cirecuit in which the Tresonant frequency

of a tuned circuit is varied by the voltage spplied across a varactor in
the parallel resonant circuit. A basic circuit for a VCO tuned circuit is

. shown in Figure 1.11.

o~
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AN\ ey
™ T <1 .
€2
ke
DC Wecl-,
+
O—

Figure 1.11 Voltage Controlled Tuned Circuit

Capacitor C. bypasses AC around the DC source. Capacitor C, is much larger
than the varactor capacitance and has very little effect on the resonant
circuit. It is used to prevent DC from being applied across the inducter.
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CHAPTER II

TRANSISTORS ™

Section A - Introduction

Trmistog are esgentially two junction diodes .connected back to back,
that is with ejther their anodes or cathodes connected together. This
forms a three terminal device with the common element, called the base,
acting as the control element. The ~ther *wo terminals are the emitter
and collector. If anodes are the common eiement, the transistor is an
NPN transistor. If cathodes are the common element, the transistor is

a PNP transistor. Fiqgure 2.1 below shows the diode construction of the
two types of bipolar junction transistors (BJT's).

- 1€ c (o <
VAN
L — B P "
B—FP 1 - o — N
N AV 74 P
IE E l /
! E ) E
NPN Transistor PNP Transistor
Figure 2.1

The diode construction of bipolar transistors provides a means of checking
the transistor for shorts or opens between elements. Each diode should
exhibit a low forward resistance and high reverse resistance when checked
with an'ohuneter.

Bipolar transistou are constructed so that forward biasing the base to
emitter diode permits current to flow between the collector and emitter
even though the current flows through the collector diode .in the reverse
direction. The collector current that flows when the base to emitter
diode is forward biased is much greater thah, but proportional to, the
amount of base current that flows. This proportionality between base cur~-
rent and conectcr current is the current gain of the transistor and is
called BETA (8)."

16
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Although transistors are simple to describe, they are relgftively 4if-
ficult to use. They must‘be biased to operate properly, and the input to
output transfer properties of the device must be considered.

>

Section B - Bipola. Transistors (commonly just called "transistors")

These devices come in two confiqurations--NPN arnd PNP. Transistors exhibit
between the collector and emitter -- a variable resistance which is controlled
by the base to emitter current. "

a

C
B
E "
PNP
- B = Base : -
_ E = Emitter
C = Collector

Figure 2.2 -~ Bipolar Transistors

- The arrows weré devised for conventional current flow and indicate the

direction of positive current flow. An easy way to remember the two _
symbols is to associate NPN with "not pointing in" and PNP with "pointing
in."

Transistor Relationships . - .

Basically, the transistor is a current multiplier and the current at the
base (either DC or AC) gets increased by B.

i
i =i xB orB= "¢
c B i
B
Emitter current is the sum of the base and collector currents. N

i
-

i { + i
0 T S

-

Applying Kirchoff current and voltage laws to a transistor, it is not
difficult to determine the relationships between base, emitter and
collector currents, I_, I_ and I_, and to determine hase emitter and

B E C
collector voltages VB' vE and Vb. There relationships are shown in
Figure 2.3. L *
1 ry ‘
f




Figure 2.3

iE = ic + iB

(a) Base, Collector and Emitter Current

(b) Base, Collector and Emitter Voltage

Biasing

Transistor design and usage requries control of not only the signal processing
The DC is necessary becayse the transistor
It is necessary to
It is there-

(AC), but also, the biasing (DC).
will not behave properly around its normal at-rest state.
force it to some DC state away from zero for proper operation.
fore necegsary to forward bras the base to emitter causing base -current to
flow which controls the collector current by way of the transistor charac-

teristic called beta (B).

Biased Base Current

.

Thg 2.0 ma

133 1.5 ma

‘F”______-Exlnple Bias Point
. T .

B2 1.0 mA

Agrbiased Base Current.

L3 Unbiased Point

*Figure 2.4 - Tradsistor Biasing

The biasing permits a much greater freedom of electrical movement since
the transistor will not tunction with VOItege that reverses polarity or
vurrent that reverses diraction. . .

Biasing Concept

The simple (although not very uscfni) biasing cifcuit shown in Figure 2.5
makes it easy to see the c

cmi.nq base -~urrent to flow; thie causes a collector current to flow
wh:l.ch is betl times greater than the bue curren

pt 6f DC control.

the symbol for the NPN structures is
forward biaseg the base to emitter




- Figure 2.5 . ) Figure 2.6
" Simple Biasing Circuit Transistor Biasing Circuit Showing Structure

Two conditions must be met to bring the bias point to the operational R
configuration shown in Figure 2.4. Base current must be large enough

to prevent an AC “signal from driving .it to zero, and the collector to

emitter voltage must be such that changes in collector cutrent, due -

to input signals, will not drive it to its maximum or minimum limit.

. Condltlons for Transistor Actlon

In order for a common emitter transistor to provide amplification of

a signal applied tp its base, tlie base to the emitter diode must be
forward biased and the base tr~ the collector diode must be reverse
‘biased. Whef forward'biased, the base to emitter voltage is approximately
‘0.7V. The collector voltagz is much more positive than the emitter and
therefore morz positive than the base. 1his condition reverse biases

_the base~colleceor diode. -

Normally, transistor circuits do not use a separate voltage source for — - - — - —
biasing. Bias voltage is obtained by apply V__ to one of several possible
. types of resistive networks. A voltage divider circuit shown in Fig. 2.7
is the most practical bias1ng circuit. Bias voltage and input resistance
are determined by replacing the given network with Tnevenins equivalent
. cffcuit referenced to the base .terminal. . )
- . R 0 v T ! 4

-

' Voy = = VocR2 & -
. ‘ R1+R2
; \j fiqutn'2.1A = Voltage Divider Bias--Thevenins Equivalent Circuit . o

P
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Circuit Configurations

Transistors may be connected in three different configurations, each
having different input, output, and transfer characteristics. The rir-
cuit variations are named for the method of connecting input and output
signals to the transistor. Transistors may be connected with a common
base, common emitter or common collector. The common element means that
the signal input and output are common to that element. The choice of
- circuit configuration depengls on what values of input resistance (Rin) ’
output resistance (Ro) s current gain (Ai)' voltage gain (Av) and
power gain (A ) are desired. The three types of circuit configurations
and their opegating characteristics are shown in Fig. 2.8, 2.9 and 2.10. ,

R | e
R RC.
. C
- + ‘ -
C.B. Circuit. (AT) C.B. Equivalent Circuit (AC)
_ ;
. VE. = iE% . . - c . VE ‘
. S = = = = R"
i R
% = ]—h—s = a .R..g..
1Ry -~ Ry
Figure 2.8 - Common Base Circuit
* . I o v i,

‘The common base amplifier can be used as a constant® current source
or as a current to voltage transducer,

, w o
0 = "E C
Vin = 12 RE -
C.E. Circuit (AC) zin = Ryt BRE
i i i

E E C

> vo 51 = 1—3 i =8
, B B
’ Re Yo Re
C.E. Equivalent Circuit (AC) N*v_ =&

. in EE .




" Common emitter circuits are the most commonly used amplifier circuits
since they provide both current and voltage gain.

C.C. Circuit (AC)

1
vo. - w |
C.C. Equivalent Zin = Rt B Ry
- Circuit (AC) 12
= — = B :
o A, i

1 B

Yo_

vin

i > AP = A x AV B .
Figure 2.10 - Common Collector Circuit X .

L)

The common collector circuit is called an emitter-follower since the
output voltage follows the input voltage witn no gain. The circuit is
used for impedance matching when it is necessary to couple a high im-
pedance sbqrce to a low impedance load.

o

r K ' -

Section C - Field Effect Transistors (FETSs)
5 A field effect transistor is a high input impedance devicé. There are )
S two basic types of FEPs, the junction FET (JFET) and the MOSFET (for - -
N - metal-oxide semiconductor). The two types are similar except that the

© '~ ’ MOSFET has a high resistance layer--the metal oxide--on the input. This
E oxide layer increases the input impedance and makes possible an additional
: mode of operation called enhancement mode. The FET, like the bipolar
. . ‘transistor, is a three terminal devine. _The FET control element is called
[ the\e and the other- two elements are the source and drain.

tion. Transistors are current controlled devices and FETs are voltage ton-
4 tzolled de . That is, collector current in a traasistor depends on -
> base current, while drain current in a FET depends on gate voltage. BJTs
have a low input i \dance ani the FETs have a high input impedance.

The. prirmﬁg:ifference between BJTs and FETs is in their control opera- ‘
vic




Qp°e~zini:Chareeeerietics

FETs are divided into three operation groups. The JFET operates in the
depletion mode only, the normally ON MOSFET operates in both the enhance-
ment and depletion modes, and the normally OFF MOSFET operates in the en-
hancement only mode.

All FETs are called square law devices which means their transconductance
curve is parabolic. When used as a small signal amplifier the FET is
acceptably linear because only a small part of the output curve is used.
when large signals are amplified, the parapolic relationship between input
and output results in nonlinear distortion. This norilinearity is undesir-~
able inamplifier circuits but is exactly what is needed in speéial cormuni-
cation circuits called mixers. When two freguencies are mixed in square law
devices, output frequencies are produced which are combinations of these
frequencies.

Typical characteristic curves of the three types of FETs "are shown in
’Figure 2.11.

Depletion | Enhancement

0
Depletion Mode Depletion-Enchancenient Mode

Enchancement Mode

- Figure 2:1% - -

Operating Principle

Depletion mode FETs (JFETs) control current flow by depleting the number of
carriers in the conducting channel. The number of carriers is reduced by

apprlying a reverse bias voltage to the control gaté which must always be
reverse biased to prevent base current from flowing.

MOSFETs have insulated gates which prevent gate current from flowing even

whan the gate is forward biased. Forward biasing the gate produces more
carriers in the conduction channel between source and drain. This is referred
to as enhancing the carrier channel. When the gate is forward biased, the
circuit operates in the enhancement mode. When the gate is reverse biased,
the circuit operates in the depletion mode.

22
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Enhancement only (normally off) MOSFETs are constructed so that there is
no.continuous carrier channel provided. .Carriers are made available only
by applying a forward bias voltage on the gate, and therefore the circuit
can operate only in the enhancement mode. Figure 2.12 shows the schematdl
symbols of the three types of FETs. ) ﬁT

Schematic Symbols for FETs D

) ’ G "
, 15. ) ~
N Channel'FET‘ﬂ

: D
G | .

[~ . t
N Channel MOSFET

D o .

S

Figure 2.12 N Channel Enhancement Only MQSFET

Voltage’ Gain \ ( ) -

Traﬁhéoﬁduct&nce curves shown in Figuge 2.11 are a graphical ptéaentaﬁicn

of the relationship between input:voltage and output current. The slope . - —
of the transconductance curve at any point will give a value of trans- '
ductance g = AiB This relationship of output current to input voltage

m
AVGS . 14

provides a means of creating a dépendent current Source which can be used - “
to develop an equivalent AC circuit. A JFET amplifier circuit and its equiva- !
lent AC circuit is shown in FPigure 2.13. . Tt .

.
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.

? ° -

o .
. R . .l
° R2 . :
JFET Amplifier Circuit

L4 1
Figure 2.13-a ) - .."
Figure 2.13 ' - - :

If iG = 0, the input voltage V.. = iD (R s t 1 and the output voltage 4
. 9o .
Vo = i_R.. The voltage gain of the circuit is then’ ,

DD i
i\,.=vo- - LR = B . )

Ve C i R+ 1) Rg+ 1 o
9, g, : ]

Pigure 2.13-b AC Equivalent Circuit

24
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Handlinqﬁp

ons for MOSFETS

<
-

Because the insulating layer that separates the gate and channel of a ,
MOSFET is so very thin, it can be destroyed by too high a voltage be- -
tween the'gate and source. The insulation layer is so fragile that. it may
even be damaged by static charge that builds up on the leads through im-
proper handling. To minimize the possibility of destroying MOSFETS dur-
ing lhiment and installation, manufacturers usually short the leads

of the device together sn that static charge cannot build up between leads.
Leads should remain shorted together until the device is installed. Dur-
ing initallation, the installer should be grounded through a wrist strap -
and all tools which are applied to the leads should be grounded. MOSFET
devices should never be inserted or removed from circuits while power

is on."

[

- . . Y -
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, REGULATED -POWER_SUPPLIES ‘ - .
—_— . 4 ’
. In the conversion of voltage from AC to DC, there aré four, regulation .
K consideratzons- - / “ .

1.

Ripple rejection—-ti’xe ability to eliminate ripple (the tendency of
the output .to be affected by the present level of the input wawve-
form) . The
amount of ripple present, is measured by ripple factor (r):

VAC‘ (rmg) x 100

Sr=
vDC tave)
‘Line re ai:ion—--reducing( tendernicy of the output to be affected by
) the input. . ¢
Load regulatioh--reduk,\iné the tendency of the load to affect the " 1
output. Mathematical definition of load regulation (V.R.): >
% V.R -"vm.‘-v ’
‘R- v———n— x 100
FL :
er -~ voltage under maximum load.
Vyp, ~ voltage under no load or minim 1oad. i

v 4

Mr&t\u‘e requlation--the change of voltage drift that occurs
with tenpezatura changes. ) g

e " Other features ¢f interest include:

. 1.

Foldback currert limiting: If too little resistance or even a shoxt , -
circuit is placed on the regulator output, this feature will reduce 2
the amount of current flowing through the device and prevent thermal (1"R) v

. ( dauqe to the ::egu].at:or:.l »




"T.?iqun 3.1 . Poldback Current Limiter..Response

E

- & mﬁ; ‘shutdowns::* m- overload feature coupled with feldback current
! IMt{ng nckes a device virtually faiisafe.

: 'ﬂu liwles.t»load regulator uses the zener diode (see figure 3.2).

i o

Tt ) : .F 6v1 ) - ., ‘ - -
- i ’ . . ' ! "_‘ ~ - -. s )
’ 55Q vy .
2 ,{j“«; 8 e

g 13]V u w .

‘;‘:‘.,» ° - 1:‘ 6% " . ‘J

‘2;} - A S R

b ’
. Figure 3.2 . Zener Load Regulator

sad to maintain voltage level. As the load requires more
Aent flows through the zener to make up the difference.

.. . muth-erl_increased "load will decrease the output voltage. The frequency

we of the zener limit. chis circuit to load current variations in |
the mid-audio range. If the load current is above the level that removes
all of the current from the diode, no regulation occurs.

<

Design E__;n_ggle

A tape recorder operates at 7vix lOJ mA. Design a regulator to adapt the
recorder to car use. Assume the maximun car voltage to be 13V.

Solution: When there is no load current, thé zener needs to be carryix{g
the maximum l.ad current (100 ma) plus some reserve (at least 10 mA) ..
The raserve is necessary because the zener voltage varies more at low currenmt,.




. o

Br = 13 -7 = 6V  Six volts mast be d:opped across .sistor in series with
. ‘ the zener. .

Power dissipated in regulator resistor = EXI = 6 X .11 = .66 watts.

&oadpower-7x.1-.7watts. : .

‘Find a 1 wvatt Tesistor closest to 56Q. RS TR ,R= 700 = 56Q

12

°

The zener regulator prdvides only load regulation. Many of the integrated
regulators incorporate all of the features mentioned earlier. The simpler
versions, called three-terminal regulators, require no extsrnal components
and are extremely easy to use (see figure 3.3). These come in two types--
_ positive and negative. ) 'ﬂ

.

it lzr

.

.~ FPigure 3.3 - Three-Terminal Regulator ° '

By nsing a positive and negative power regulator, a bJ.polar supply can
be made (figure 3.4).

PR : Vopr =+ 15 Vpgon = 1.25 o

Figure 3.4 -~ Bipolar Supply
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r'rﬁgi- bipolar function can now be incorporated into one device call
dual tracking regulators (eg. UA78100). '

*
. V.

)

e REG e )

PFigure 3.5 - Dual Tracki'nd Regulator

Example: Using the information in Table 3.1 on a 12V positive three-
asterminal requlator answer the following questions: 1) Even though
this device has a specified output level of 12 volts, one might get
a device anywhere in what range? (Vi =19V, I out = 0.5A) 2) If in
a particular application the average N jevel of the incoming voltage
° " wer to vary between 14.5V and 30V, how much would this typically cause
the sutput level to vary? 3) What is :he minimum value of the intoming
voltage to assure full performance? 4) If the load current were to
vary between 250 ma and 750 ma how much variation in output voltage
level would typically be experienced? 5) How much is incoming ripple

reduced?
. Table 3.1 .
- DCELECTRICAL CHARACTERISTICS " lout = 500mA, Crx = 0.334F. Cout = 0.1uF, Ty = 25°C .
- uniess otherwise specitied. nm” - 7n1ac1 —= [
PARAMETER . TEST CONDITIONS | Tye [ Wax | Wn | Typ | Men uNIT
Qutput voltage fin = 19V Vin = 19V
v:m . : 11.5 \1“12.0 | s W5 | 120 | 125 v
‘ Over temp. SmA S louT < 10A. | 155V S VNS 2TV 145V S VNS 2TV :
Pp < 15w 14 | | 126 | na] -] 128 v
- 7 < . Vin S 30V
Line reguiation \ 14 S\i 51\3." ; 3102\3 14 s}/ smm ‘s 32040 .
18V S VNS 22V 10V S VNS 22V
' 3 (] 3 120 mv
Load regulation SmA < louT S 1.5A 12 120 12 |- 2400 mv
250mA < 10yt < 750mA 4 00 4 | 120 mv
e ; 43 | 60 43 | 80 mA
Alet R Over temp.! with line 15V S Vin 30V 14.5V < VN S 30V
. . 08 10 mA
_ . With joad, 5mA S lout < 1.0A ' 0.5 0s. |- mA .
Output noise voitage 10Mz < 1 S 100kHz 7% 75 W o
Voltage drift d;a 48 |mv/1000hrs.
1= v 15V S Vs 28V
. Ripple rejection Over temp.} f = 120Mz . ‘:SVS \;:cs . 1:4 ; . |
Bropout voltage tout = 1.0A 20 20 v |
Output reeisiance = 1kHz 18 18 mil
- isc -~ 350 250 mA
" Pesk output current 22 - 22 . A
Vour  Output temperature drift louT = SMA 0*CsT,s150°C | 0°C=Tys128°C
. | -10 | | 101 mv/*C
M Answers: . 1) 11,5V to 12.5V 2) 1omv  3) 14.5V 4) 4mv 5) 71dB




—-—— The identity of the bridge is obscured in the Figure, but l}}and F

CHAPTER 1V
' OSCILLATORS -

Section A - Introduction -

Peedback circuits discussed so far had negative feedback. Oscillators

require positive feedback and gain. Negative feedback can result in

such improvements as increased linearity, lower output impedarce, hiqﬁér 7

input impedance, increased frequency response, noise reduction and in-
creased stability. Positive feedback coupled vith sufficient gain is
used to make the circuit unstable, causing it to fall into oscillation.
- Positive feedback means'that some fraction of the output is returned

. back to the input in such a manner as to increase the overall s:l.gnal
level.

3

Section B - Wein Bridge Oscillator

Fiqure 4.1 shows a basic version of a Wein bridge oscillator circuit.

W
méke up the right hand-half of the bridge and the other components,
_the left. The op-amp is connected across the center of the bridge. .
R ’ Rz' c and c2 ‘form the frequency adjustment elements and provide

the positive feedback path. Ry, R,, and the op-amp provide the i\eeded,
‘gain.

-
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- i -1
> The oscillator frequency, £ . is: £ = ony/ 'lclazcz

: .*l:—at’l ’modl to bc‘ at lfaat 2

s lsa-plai !oi identification of the component,.see Figure 4.1.
&

L& ‘1

31 N

f°"a‘ll-/al«':x!<: = 628[25::10) (10 )(100x10) 1o~ )

1272

4

, A =R /R, +1ls _250kg +1=3.5
- "7’”‘ 100k .

Section C - Crystal Oscillator -

- A erystal onulator can have a vgry stable frequency.
f

Figure 4.2 - Crystal Oscillator

o ——

= 3.2 kHz

. The cryotal behaves as 'an extremely stable capacitive--inductive circuit
. providing tho positive feedback path. The op-amp with Rin"'ld l?.f provides

the nin:lmh gain neaded. .

In all zn these oscillator circuits a square wave output can be achieved

by forc

g the circuit to go into saturation on both sides of the output.

This can be further squared up by inserting a pair of cathode connected .
sener diodes from the output to ground. These diodes can be purchased
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alresady connected in a single package. A nice clean sine wave is more
difficult to produce. On the one hand, sufficient overall gain must
be provided for any output to appear at all. But, if there is too much
gain, the output will go into saturation, squaring the output waveform.
itional circuitry must be provided to ensure keeping the oscil-‘
lator in this happy medium. A thermistor can be added.so that as the
amplitude increases the resistance of the thermistor increases, tending
to shut down the device. A more sophisticatéd cirxcuit for this purpose
is given in the application section of the CA3140 op-amp spec sheet.

Section D - Multivibrators

Tt are is & wide range of applications for repetitive waveforms which
are not sinusoidal. The most widely uded class of nonsinusoidal signal
- - generators is the multivibrator. There are three types of multivibrators,
"7 7~ ail of which operate on the same principle but differ only in the sta-
bility of .operating states.

The monostable multivibrator, called a one shot, has only one stable
state and will remain in that state unless forced into an unstable con-
. dition by some externally applied signal. -After being forced into an un-
- stable state, a one shot will return to its stable state after a time
" period estabnshad by its internal circuit.

The b:l.stable multivibrator, called a flip~flop, has two stable states
and will remain ir either stable state unless forced into the other by
an externally applied signal.

The astable multivibrator, called a free rmning—nuieivibrato:, has no
stable states, but will continually switch from one state to the other.
The time required to switch states is controlled by feedback circuits
between the two active elements inthe unit. The astable multivibrator,
being a free running oscillator, is the unit which will be considered
in the following section.

ES

Ant._able Multivibrator

In a sinusoidal oscillator the period of a cycle is determined by the _
rusonant froquency of a tumed circuit. In a non-sinusoidal oscillator
the oscillation period is determined by the R-C ‘time constant of feed-

- back circuits h‘tmn active elements in the oscillator. When the two
feedback circuits ‘are identical, the oscillator is a balanced multi-
vibrator, and it will produce a symmetrical square wave output. When
the two time constants are different, a nonsymmetrical output is pro-
duced. A schematic diagram of an astable multivibrator is shown in
Figure 4.3.

-




Pigure 4.3 Transistor Astable Multivibrator

“The time (T ) that 0, remains cut off is a function of Ry,Cy- When the

° [} '
voltage across C rises above 0.7V, 92 turns on and Q]. is cut off. The time -
'('1‘1) that Q1 remains cut off is a function of R_.C When- the voltage

B12°
across C2 rises above 0.7V, Ql. turns on and 2, is cut off.
Applications . i : ' -l

Astable multivibrators are used extensively as square wave or pulse gen-
erators for many direct applications. Although its free running frequerncy
is unstable, it can very easily be synchronized to'an outside source. The

waveform of square wave and pulse signals contains many harmonics ‘thich
may be used as frequency standards. The multivibrator may also be syn-
chronized to some sub~harmonic of a control frequency and thus act-as a
frequency divider. The output waveform of a multivibratcr may also be
modified to produce a sawtooth o tput for CRT sweep control. - A practical
range of frequencies for a multivibrator is from 1 Hz to approximately

500 kHe. .

4

Section E - Waveform Generators

1

Integrated circuits which can generate several different types of wave-
forms, such as square waves, triangular waves, and sine waves, are available
at very reasonable prices. The output frequency of these devices is con-
trolled by external circuit components so that oscillators- can be made

to produce various waveforms over a wide frequency range by simply select-
ing the appropriate circuit elements. ]




Most circuits which have a wide range of applications are now available
in integrated circuit form. From the standpoint of both economics and
:inplicity in construction, the:e is nn longer a need for discrete com-
ponent design of most commor circuits.

Pigure 4.4 shows a 803368C ‘waveform generator with external circuit
slements needed to produce a square wave, triangular wave and sine wave.
The frequency of these waveforms is determined by the values of R and

C used in the circuit.

4

80338C

Sl
(VAVERRS

oka

A

Figure 4.4 Waveform Generator

s
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CHAPTER V
‘PILTER CIRCUITS \

Circuits which attenuate signals of some frequencies more Qhap others are referred
to as filters. Three major types of filters, according to their frequency response
characteristics, are iow pass, high pass, and band pass.

Section A - Low-Pass Filters

»

A filter which allows lower freéquency signals to pass with less attenuation than

higher frequencies is called a low-pass filter. A typical low-pass filter is
shown in Pigure 5.1. -

s

. - ' J -

—_ . R -
C AT ' 2 vo sin(znft + ¢) ,

-®

Figure 5.1 Low-pass Pilter

The tran.fer function of a filter-is the ratio of the output voltage to input
voltage, vb‘ﬁi' Using the voltage divider rule:

) * Vo = Vi R2
., z

The frequency response of a filter is usually shown as a plot of log vo/vi
against log f as in Figure 5.2,

4

Vo = Vi R2 then - Vo =R2
-2 - vi 2

;', - v 35
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- f log £-
* - FPigure 5.2 '
N Frequency Response of ww-'pase Filter

-

- ‘he region of frequencies for which the transfer function has a nearly constant
value, K, is called the midbanAd.region.  The frequency at which the transfer
functiqn becomes 0.707 K is called t.he cut-off frmency, f .

. The transfer function of the filter gircu:lt in Figure 5.1 is )

v “ R ?

v v "y 2 2
i (Rl + Rz) + (.Rlnz 27fC)

—~— equals the resistance and is given by

P . Rl + R
‘ - fc R.R 21rc -
12

L]
LA

——-——These filters may be improved by the use of a two-pole filter or by using a%
” two-pole filter with a voltage follower or an inverting amplifier between them
. as in Pigure 5.3.

Output

: S " Pigure 5.3-a -
- : Two-Pole Low-Pass Filter

The cut-off frequency of the lo;v-pass filter is the frequency for which the reactance




. .re 5.3-b
Two-Section Low-Pass Filter

. ‘

- " With Voltage Follower

-

Example Problems .
1. ‘What capacitance is necessary to produce a low-pass filter with a cut.-off -
ftequency of 1 kHz for Rl - R = 10 kQ?

SOJ.ution- R. + R..
o £ 1 2
c RIRZ 2nC

c =R1+R~2

.RIRZ 2nf s
10+ 10°
3 2 ]

. ( 10°) oh 2 x 10 ) .

=3.183x10°F

- - C = 31.8 pP

,

. 2. In a low-pass filter C = 1uF and n2 = 10 kfl. What value bf nl is necessary
to give a cut-off frequency of 100“Hz? ' )

Solution: ¢ Rl + hz

o " R, e




"Solving for R1~ Y
A B
¢ Rl f R 21C~- 1
c 2 -
104 ;

. : " = 2 -
) . ‘w_“( 10°) o ) 27 (10 ) -1 )
- C 1t el
- - 6.28 -1 |
- - . . 3
\ - . al =1.89 x 10° Q

+ Ztudent Problems i . ,
“ 1 5 A

1.

»

What will be the cut-off frequency for a low-pass filter with c=10 P
nl-zokﬂ and R, = 12k (2.1 ky2)

“‘2. 7 what capacitance is necessary to produce a low=pass filter with a cut-off
- fréquency of 300 Hz when R, = 1.2 k2 and R, = 10 kfI?  (0.5uF)

3. what value of RJ. will produce a cut-off frequency of 60 Hz for a low-pass '

filter with T="0.2uF and R2 = 20 kf1? (39 kQ)
LABORATORY )

@

The student should be able to assemble a low-pass filter with any desired cut-qff
frequency,and then using an oscillator and oscilloscope, determine the frequency

response characteristxcs of the filter.

s Ne

oo

Section B - !u.qh-pass Fllter

e
.

A ﬁlter network such "‘as that in Figure 5.4 will not attenuate high frequency si§1alg
This type of filter is a high-pass filter.

as much as those at lower frequencies.

fad

Y o
- - I\ | _

. , . & +
Vi sin 2nft f\’ ‘ R _ _Vo’ sin (‘21Tft ¢)

. . rig;:re 5.4
High-pass Filter Network

e 38 .




\;he't:anlfer fuinction for this method is -

E ; 4 | ' -V-o. . R
oo B ) . . vi W . .
.o ] C \;; (2n£c) -
‘J i v.‘ \\ .
Ihe f;equency response characteristics are shown in Fiqure 5.5,
. losq ‘ c ‘ g \L
é. v s . ) )
I ‘
i
r“ i ‘
z ', 1
Figure 5.5 . : -
Frequency Response Characteristics
for High-Pass Filter ! .
!br this high-pass fi;ter, the cut-off frequency is -~ . . R '
¥ . a, - . . : N
o . fﬁ s“",-——"l : . _4
- ' ‘ - "¢ 2mRC o e R <

P

-—These filter networks may also he coupled toqether, __in Figure 5.6; to improve
- filtering or for desired isolation.
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. o ToF Figure 5. 6‘3 - -
< ° £, 'mp-pole High-pass P,ilter
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T pigure s e

: - ) T\vo~pole High-pass Filter. . ' . A
, . , “ with Voltage Follower ’ e

‘Ex_ug} ie Problems . ' . ! 7 -
oY ' ' T
¢ ‘1. ’mt capacitanee is necessary to produre a high-pass filter with a cut-of;f 1%‘;’
: : frequenqy of 1 kHz when the resistance is 2.5 k(7 . . ] =

’ v o ‘ .‘;i
e - 1 , LE
: -So ion: . ) f = —— C e
lution: | ¢ 2nRe : : ~ —
L d N :.
S 3
t @ .
. i N 40 8 4
. 0 - N * by
s LT
- o |: -
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1
Yoo - or c“- 2T|'Rf v

- m(2.5% 10°)

103)

& 8-——-4—— F s

1.57 x 107

- a
£

C-637x10'8F=637pF

! " pox a 0.5 l-!‘ capacitor, what resistance is necessary for a high-pass filter
C . with a cut-off’ frequency of 100 Hz?
. smutiam D f o=t
- ) . c 2TRC .
+ e ]
.u . p 28
- P . 1 -
ox R I Mcf 4a
- ”x "1 . ) .
- - " 7.

— . S Comesxae”ly q@vht S
% } ° . .
- - » * . 3 . -

. R= 3,18 x 10” Q

S,

: '1.

Stndem Pioblens

and 5 0 resiatance‘? (16 kHz)

*‘z. . What reiistance is necessary to produce.a hiqh-paas filter with cut-off
frequancy 500 Mz if the capacitance is 25 WF?

3.

A bigh-—pass filter has 15kQ resistance.‘

lmat ia the cut-off frequency for a high-pass filter with 2 uF capacitance

/

(12.7Q)

phat capacitance is necessary to .

' prcdnce a cut-off frequency of 60 l-lz? (1.8uF)

°

- LABORATORY

’!ha etudent aheuld be able to assemble a high-pass filter and determine its fre=

. quency renponee characterietice. i

“




-36-

-

Secdtion C - Band-pass Filter

Low-pass and high-pass filter networks may be
a filter which will pass a certain range, or band, of frequency.

is called a band-pass filter.

2

&*

1

combined as in Figure 5.7 to produ

¥

Spch a filter

—

, I\ ~
Vi l\t’ ~C1 ;::F:: \ uvs
: —e .
. Fiqure 5.7 .

' Band-pass Filter

This filter can be analyzed by combining the transfer functions of the two filters.
,» has a transfer function

The low-pass filter, 31 and C1
. , - Ya 1 ‘
> Vi1 V1 + (anfc Rr))*
N . 1 1
and establishes the upper cut-off frequency,’fu, at
( 1
f = ——
u 2W§1C1 .

g R2 and C2 make up the high-pass section with transfer function

\'

’ -
‘ ' i2 2
f Ry + (zmec,? -
Y] [y . 1
! \/1+ 1
: (2ﬂfc2R2)2

« This circuit establishes the lower cut-off frequency,‘fe, at

1

£ o= ———

e ?1TR2»2

A

°

42
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since the output of the low-pass filter is the" input 6f the high-pass filter,

v 1 12' and the transfer function for the entire filter is
_ v v v .

L. 02 ol 1 1

v v v

[

<
~

- . . . = ‘ ' 2
A . i2 il ‘/{ + (Zﬂ_fCR_)z ‘/1 + (21|'fC1R1)

“The frequency regponée characteristics for this circuit are shown in Figure 5.8.

<

I

|

|

I

|

A

1 |

f f
u

Figure 5.8

Frequency Transfer Characteristics
of Band-Pass Filter

The difference . between f and f_ is called the bandwidth.

bandwidth = £ - f
. u e.

[

In many applications‘it is desirable to have a very small bandwidth - to pass
essentially a single frequency. This can be accomplished by setting both f and
f equal to the desired frequency, fol' .n order to achieve this

[ 1

s . RG ERG - vt

The resulting frequency response is shown in Figure 5.9.

4 Al -
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w50

£ log £

Figure 9.9
Frequency Transfer Characteristics
for Nariow Band-Pass Fi. ar

In order to improve ’filterinq, isol..tion, and impedance matching these filter
tions may be ~onnected by a voltage followar as in Figure 5.10.

»

€,

R \ l/ - .
ANN— . I\ R

Figure 5.10 . .
Band-pass Filter with Voltage Follower

Solved Problems

1. what values of R, and szwoulgl be necessary to produce a; band-pass filter .
with cut-off freduencies df 1 Kiiz and 2 KHz if both C, and C, are 0.1 WF?

\» | L 8

fa = mR.C
Il A |

gsec~
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2.

thus » R

o (10‘7 B (2

1
1.26 x 10>

800 Q

1

"2nR,C

272

Q

x 103 Hz)

1
2 (1077

1
6.28 x 10

-4

F)

. 3
‘. R2 l.6 xlO Q

(1()3 Rz)

k3

- What values of R, and R will produce a narrow band-pass filter for f & -—
2.5 kHz when botll'n 3 c are 0.5 UF?

R,C

171

then, sihce c, = Cyt

o
L]

21 (2.5 x 10> Hz) (5 x 10”7 F)

le
-3
7.85 x 10

R, =130 0

. |

Q -




Student Problems ‘ 1

| S—

1. Por a band-pass filter, what values of Rl and R, are necessary for fu , ’
1200 Hz and f = 1000 Hz if C1 = 0.2 uUF and C, = 0.5 ur? (R = 660Q , Rz = 3209) .
_ 2.

What values of R, and R2 are, necessary to build-a‘'narrow band-pass filter
for f = 20 kHz when c = 0.01 4P and c2 = 1500 p¥F? (R = 800f, R 2 = 5,30)

Another type of narrow band-pass filter, called a twin-T filter.

consists of
a network as shown in Figure S.1l.For this filter f = _1

P
- o 1/
N\ \
—— » -c‘L c -
-— _ —_— .

20‘7-\ R/2

W '

Figure 5.11 -
Twin-T Filter

This filter has a frequency response characteristic as in Figure 5.12.

vo
log
vi
1
» v h fo ) ' log f \ .
Figure 5.12 .

Twin~T Filter Transfer Characteristics

4
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Al

The twin-T filter may be used in the feedback loop of an op-~amp to produce a
band-pass filter as shown in Figare 5.13.

A twin-T filter may be used in the in
or notch filter ‘as in Pigure 5.14.

r

N

! Twin-T -

-
; ,,i E
o]
> o )
R . (a)
v, )
log —
oY

(b) A ' log £

a) Op-amp with Twin-T Filter in Feedback

Figure 5.13 . .
b) Correspondinc Transfer Characteristics

-

-
-

put to an op-arp to produce a band reject




M—i Twin-T

. - vo:

- - ]
: A
_Oa

log v, ‘ —
3 £
. fo ) . log
Figure 5.14

Twin-T Pilter in Op-amp Circuit to Produce Band-Reject Filter ) !
) and Corresponding Transfer Characteristics - ¢

LABORATORY

The student should be able to build a band-pass filter and determine its frequency
response characteristics. ' )

N
.




Section D - Integrators and Differentiators

Integrators are used to sum the instantahéous area under a curve. Differentiators
are used to develop an output value proportional to the rate of change of an input.
Both integrators and differentiators can be built using either passive compohents, -
resistors, inductors and capacitors, or operational amplifiers with appropriate

feedback circuits. o

«

Integrator Circuits

L_..|

-

Pi.gure 5. 15
Simple RC Integrating Circuit

An op' amp integrator i’s show below.

Equation must be true for all values
of t. I

S vin
att=01 T
- -_-_[1 at

V. =-— T dat -

o in

RC> 10T. Where T is the period of
: the signal being integrated.

, it
,, o V.
C
. I L[}
1
-~
=0 . t
‘c 2
- =1 v, dt
V. v vo = m in

(Figure 5.16)

°

t

49
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The eduation for "o‘ comes from the followiné circuit relationships.

dVo -

C-———

de
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- [
. From the op amp characteristics:

dV°
- - - - —— v =V
. i i, iC /= C ac }R' in R .
. dV° V§ .
V 0 - - = - —— = —t— v
Since i = 0, V° = Vc, 1c C 3t R

f -

dav = - 1 v, dt . .

o RC in

Differentiator Circuits ,

By interchanging the resistor and capacitor of the integr;tor circuit, a differ- o
entiator circuit is formed. Basic differentiator circuits using both passive
components and an operational amplifier are shown in figures 5.17 and 5.18.

i -

A - Vo = 1R ‘ . )
- ) . dv
. £ L ‘:‘,‘:.,: i = : T ?t t = '0' i = <C EE_
" Ry s , C av
. .3 c . .
- R \'J ) - - in A
r B RC 3 -
o .
' i = vV, . o .
Figure 5.17] §g_ = =C at e

- Simple RC Differentiating Circuit

) . In order to perform the function of
differentiation, the time constant
(RC) of the circuit must be less
than 1/10 of the period of the
signal being differentiated.

1

RC < 'i—o Where T is the perig;d of
. i the circuit being differ-
. entiated. -
— C i ' R N
!
o | | AAAA
v, b
in H i . R iR
c R
dav
V., =0 - in
S v = -
1 + o . RC dt
i = ' d_v_ 29
¢ - €& o0
i Figure 5.18 °

» DitFerentiator Careuit ‘ )

Tt oL ) ! , LY



Prom op amp characteristics: ‘vout =~ RC ac

\

F

Integrators and differentiators are used in analog computer circuits. They may
.also be used in special applications for filtering and pulse forming circuits.
. - ) . .

‘
a3

Problem Example:

1. Sketch the oui‘:pnt waveform of an integgator with a square wave input.

7 .

»

Input

\/\/ e

N

) \  Figure 5.20
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Laboratory Exercise: ) i .

ra y

R c Ze = Rfz‘“xc2

i N B Y %

. 7. = |R%+x 2

- 1 1 C.

N i

~p1gure521 ' -

- Dxfferentlator/Integrator ‘Using An 0p Amp

.
’ .- .
- - - z v hd
. -

The relative values of capacltances and resistances in the differentiator and
integrator are as shown

For a differentlator (low frequency): 2. =X , X >R
A i, e cy i
8
- ", Z_ =
£~ Re Re 2 X -
. - - . f
N . . Af = °“§f91',
For an integrator (high frequency):. z2, = R:
. ot “ 1 1
Z,= X - '
. £ cf
A_= =1 -
2 - f ‘
. . wR,C. ‘ -

Af means the voltage gain of the op amp circuit.

Construct the circuit shown in Figure 5.21 to act as: 1) A differentiator for a
1 kHz square wave and, 2) an integrator for a 10 kHz square wave. Sketch the
input and output wave for each circuit. .

¥l S

For the differentiator: R; = 1kQ C1 = 0.01luf
. Rf = 10k Cf = omitted h
" For the integrator: R, = 2k c; = ;gf
R, = 10k c; = O.IIuE:: \\' )
Ty




o ‘ " CHAPTER VI

i-

. N DIGITAL CONCEPTS .

P o

Sec’.ion A - Introduction - ’ T

nlectmnic circuits are divided into two categories--linear and digital
The name linear electronics is given to those electronic systems which have

" an output proportional to their input over some limited range of values.'

Digital electronics fgars to electronic systems which operate in either of
two states, "on" or "o§ ;l'he on and off states are aistinguished by
different output voltagh levels. < v

Section B - 8w1tchinq Ciuits
THe simplest example of ;"W circuit element is a switch.. It has only
two operaticnal states, on and off. The most basic use of a switch is'to
permit or prevent the appiication of power to-an electrical system. Switch-
ing circuits are called gate because they control signal flow from input to

output.

L

E 7

AND Circuit ‘

‘Ingical operations such as AND and OR functiong can be performed by using
two or more switches. Two or more switches in series form a logical AND
circuit. (FPigure 6.1) . :

Figure 6.1  AND Circuit

~




OR Circuit oo : R

Two or more switches in parallel form a:logical OR circuit. In the following

iy circuit the load will receive power .when either swzitch S., S, or S_ is
= closed (Pigu.re 6.2) S - 1 "2 3.0
> “ . ] .
. . ¥ -
e =T ., T="tc Vours- .
ff 9: < ’ : * S;é
. . -——— e
-, ) . ) . - . - - =,
o ] Slor§20Rs3=L
Fiqure 6. 2 OR Circuit o -
NOT Circuit . L : . »
) SWitcﬁes “can"élso be used to perform logical negation.. 'i'hat is, t;hé ¢circuit
will function only when the switch is NOT closed. A NOT function is indicated ' |
by a bar across the-top of the switch identification. A ='NOT A In Figure 6.3
pover will be delivered to the load when A is closed and B is.NOT closed.
-— - - f - ‘ ‘-
. - R . ;
© ° 14
- . : A ‘ . 2 -
n : b‘ ’ . °.
[% . .
. > % R o B ' X -
N B . :* .
- 1 - e ° ] N . o A ‘
( . NOT Circuit .
° AAMDB=L 0
Figure 6.3 NOT Circuit . » ‘ -
.“5"’ - . .
- 0’“ L] * ’( 7
s 7! ) -
o 2 *
. &, N - . ° , »




NAD A and nd NOR Circuits

-

A combination of an AND and a NOT circuit produces a NAND (NOT AND) circuit. I
A corbination of an OR and a NOT circuit produces a NOR (NOT OR)- circuit

o " N @ 4
. N “‘
. ) . o -
N “ [ o ;
6__‘ . - E
. ) . 5
8 L '
v B} . . o
¢ . . . _
. n ]
A 5 : L
: - NAND Circuit - o
- ° b i

NOT (A AND B)

Figure 6.4-a NAND Circuit S . 5 ' <

13

.
. - - . 5 -
4 )
- Y Ry -
- . .
- '
<
® L.
3 R . * .
P L. .
. i '
- A +
iy . ,
] . .
'
M . ‘\v I

. ) *NOR Circuit

. NOT (A OK B) : ’

Sl Figure 6.4-b NOR Circuit . . . .
+ o : e
: . ‘
Y 4 P _"‘. -
\]
»:" > » d
- 4 -
4, " . .
LV




'MDSIVB OR Circuit
'
.. Another logi¢ switching circuit which has many applications is the EXCLUSIVE
OR (X OR) circuit. An EXCLUSIVE OR circuit has an output when one and
‘ only one switch.is on. In the switch circuit shown in Pigure 6.5 the load (L)
will have powexr when A only is on or when B only is on. The load will be
gf_gwhhnbothhandnare off and when both A and B are on.

EXCLUSIVE OR Circuit

f

. R
L3 v
* +

. - . A-AND NOT B OR B AND JOT A
Figure 6.5 . EXCLUSIVE OR Circuit

o . .o

Combination Circuits

éanbinations of series and parallel switches form combinational logic
circuits. They produce an outpui only for specific combinations of switch -
positions.. In figure 6.6 power will be delivered to L when A or B or (C and D) \

are closed.

’ (A OR B) OR (C AND D)

Figure 6.6 Combination Circuits
. : |




. Llogic Operation Notation -

In order to define logica
* sion, arithmetic operatio
" the multiplication symbol
OR function uses the addi

f

t

* The switch ON state will ]
produce & '0' or "Lo“ outj
levels for positive logic

- number notations. ’

ST .,WMY AR
o

* .

v

Trut!, Tables

'Single gate operations cajy
cmparisons. Combination
tyre of gate for each pos
A set of truth tables for

»

switching operations in an analytical expres-
symbols are used. A logical AND function uses
(). A AND B AND C is expressed A+B-C. A lugical
ion symbol (+). A OR B OR C is expressed A+B+C.

broduce a '1* or "Hi" output. The OFF state will
mt.

“Hi" and "Lo" designation refer to voltage
systems, 'l' and '0' designations are binary

ey

be expressed in tabular form for reference and
tables which show the output from a particular
ible input combination are called truth tables.
an AND and an OR gate are shown below.

~

Aj BloO Al B |our -
o] o ) 0| -0
0] 1 o] 1{ 1
1| of o 0 |
L1 | 1 - 1 ; -
‘ AND B ACRB -

Several switching circuits
Figure 6.7.




Pigo 6.7-9 ? 5" Figu 6.7-h

Figure 6.7 .Switching Ci&rcuits




e

Exhpies:

1'

2.
4
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Application of Switching Circuit.

- Pigure 6.8 Logi?al.AND Functioh Application

An automatic furnace is an example of a simple switching circuit appli-
cation. In order for a furnace to turn on, four switches must close:

a main power switch, a'thermostat control, switch, a pilot light safety
switch, and a bonnet overtemperature switch. Schematically this circuit
is shown below.

-\

Furnace Contro]:

On~Off Switch
Thermostat

Pilot Safety

Borinet Overtemperature

F=A°"B-*C-D

»

oo™

v

P
n

An automobile 1nter10r light control is an example of an OR switching
circuit. .The light will be turned on by either the door switch or an
intefior light switch. .

Light Control A

L +B \ A = Door Switch
B = Interior Switch

Pigure 6.9 Logical OR Function Application

¥ 4

99
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From the simple applications it is easy to imagine the potential of switching
circuits in process control. With the use of feedback controls and switching
circuits any physical parameter of a system can be regulated. The temperature

in a building can be controlled by an automatic furnace as described above

-when the thermostat switch is controlled by- feedback from a temperature

sensor. When the temperature rises above the set point, the thermostat .
switch opens, closing the gas valve. When it drops below the set 'point, 3
the switch closes, openind the gas valve and restarting the furnace. If the
thermostat switch fails in the closed position, uncontrolled heating results /
until the high temperature ciut out switch opens the circuit when the bonnet /
temperature reaches a preset value. /

Combination switching circuits can be defined by logic expressions, depicted
with a circuit diagram and implemented by proper installation of hardware., /
From the logic expressions and circuit diagrams shown previously, it can be ’
seen that in some instances more than one logic expression may be used to /
define the same function. Figure 6.4-b shows a schematic which depicts the ’
A . - /
logic expression A + B (Not A OR B). ‘It is obvious from the schematic that o
the expression A-B (Not 2. AND Not B) also defines the operation depicted /
by the schematic. Modification and simplification of logic expresgions is
the subject of Boolean algebra. The particular selationship shown above, '
that A + B = A-B, is an example of DeMorgan's Theorem in Boolean algebra. /

<

!

Section C - Combihational Logic . - ;
. - /
. Multiple contact sw1tches operated from a single toggle are shown schemat~
ically by 301ning contact armswith a dashed line or by-simply identifying
each set of contacts which make contact at the same time by the same switch sym-
bol. This means that 1f‘one_pontact is in the A position all must'be in the posi~
tion and none can be in the A positioh. A double poie dodble throw (DPDT)
switch and a single pole double throw (SPDT) switch may be represented
schematically as shown below.

. p W
o A _g®— A g
- N ' - - .
| &—.
o ' O
. |
A | g B &
‘ . h__________4'—"'
[- [
DPDT . . SPDT
Figure 6.10 Multiple Contact Switches ()‘j
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Multiple contact switches permit the use of or2 switching operation to
effect more than one output. Multiple contact switches must be used in con-
- structing schematics of certain logic expressions.

Logie expressions usei to define complex switching operations may have

. several terms which contain the same switching function. In many instances
the original expression may be simpleled by 1dent1fy1ng redundant operations
in’ the systenm. :

Example of Circuit Simplification:

"Simplify the expression (A-B) +A- B=L

F

s

Figure 6.11 Schematic of Exptession (A * B) + A+ B =1L

If switch A is closed, power will reach the light regardless of which pom-
tion switch B is in; therefore, the use of switch B is superflupus and can

be eliminated. The only switch in the circuit is then A, and the remaining
&xpression becames A which megns'power will be delivered to the light through
the paths but only when switch A is in position A. The logic expression then
reduces to the simple term A = L.




Section D - Truth Tebles o

r

A functional table of switching operations.can be helpful in determining the out-

put of switching function expressions.
operations, these tables are called Truth Tables.
results of all possible input permutations.

When applied to theé logic of switching
Truth\Tables show the output

A Truth Table of the switching.circuits discussed above cén be’ constructed usingy

ON and OFF as the possible input conditions and output results. A Truth Table

for an AND and an OR switching circuit is shown below. |

\

Functional Expressions—————» A -+ B =1 \ A + B =
’ A B L A B L.
o _ OFF | OFF | oFF ofr | orr | oFF
Switching Function
Truth Tables S :
4 ON | OFF | OFF ON | OFF ON
. OFF ON' | OFF OFE oN | on
.
. ON ON ON ON ON ON
AND OR

+ When electronic switches are used instead of mechanical switches the voltage
level of the input variables determines the switching operation. , Input and
output conditions are then designated as Hi and Lo instead of On and Off. A
voltage level truth table for an AND and an OR gate is shown below.

Functional Expressions ———» A - B =1L

A + B=
A B L A B
\

Lo Lo Lo’ L9 Lo
Voltage Level Truth 1o Hi Lo Lo' Hi

Tables > -
Hi Lo Lo Hi \ Lo

\
Hi Hi Hi Hi Hi
AND It OR
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All digital devices work on a binary principle, that is, variables in the system
can take on only one 6f two possible states. Using the binary number system to
assign numerical values to these states provides another set of notations for
Truth Tables. For this notation,'0' replaces Off or Lo and 'l' replaces On or Hi.
A binary truth table for an AND and an OR gate is shown below. -

Functioﬁal Expressions ———> A * B =1 . A+B=1L
A B L A B L
' 0 0 0 1 o 0 0
Binary Truth
Tables > 0 1 0 0 1 1
®
: 1 0 0 1 0 1
, 1 1 1 1 1 1
AND OR
Exercise

Write the expression for the operation of the following two switching circuits.

Lot oo

Lab Exercises

Construct switching circuits from logic expressions. Write logic expressions
for switching schematics. Simplify switching circuits. Check these results
experimentally.

LY

e




Problems

-58-

1. Given a three-ﬁay switch which allows a light to be turned on from 2 or
more positions, draw a schematic diagram of a switching circuit which
will perform this function and write the logic for the circuit.

2. Write the logic expression for the following switching circuit:

A B
(-] ) -]
&—/h—
C ' D
o é
’JH.
F
3. Sketch a schematic switching diagram for the following logic expression:
) (A+B) - (C+D) =1L

4. Write a logic expression other than the one shown to describe the function
of Figure 6.7~f. . -

S. Sketch the schematic for the following expression and from the schematic

°

determine a simplified expression.
: (A +B)-(A +B)-(B+C) =L




CHAPTER VII

DiGITAL ELECTRONIC CIRCUITS _ vy

The switching circuits shown in Chapter VIcontrol the flow of signals from input
to output. These circuits perform a gating function by allowing an output signal
to "pass through" the gate only. when switches are set ia proper positions.

2’

Section A - Logic Gate Symbols

Electronic switching circuits can perform the same function as thé’manual'switches
‘discussed previously. )

AND - OR - NOT - XOR Gates ' : ‘ \

D

Figure 7.1 AND ~ OR - NOT -~ XOR Gates

!

NOT XOR

AND

o

Inverted Input and Outpﬁt

!

Gates may be activated by either Hi or Lo input signal levels. Lo act{vatgd
gates have a small circle at their input terminals. Gate outputs may be either
Hi or Lo for a given set of input levels. If a given set of inputs produce a
Lo output, a small circle will be attached to the gate output terminal. This
small circle symbolizes an inverter. An illustration of the functional meaning
of gate notations is given below.

| _{“ > 'A'D"'K'
Amplifier ~ Inverter AND Function
Interface NOT Function

Figure 7.2

B'«
o

Gt Ll




NOR N

A+.B=C " A“B=C - A+B=C

A(LO) AND B(HI) = C A (HI) AND B(HI) = C (LO)  A(LO) OR B(HI) = C(%0)
AND gate , inverted AND (NAND) gate: inverted OR (NOR) gate
Figure 7.3 )

is P

AND gates and OR gates with an invefted output are called NAND and NOR gates,a
respectively. NAND stands for NOT AND and NOR stands for NOT- OR. .

Example Problem

From a truth table determine the input - output functional relationships of the
gates shown. - .

(B)
A B C A B C A B C
0°'0 1 0o o0 1 0 0 O
o1 O 0 1 1 0 1 1
1 0 O 1 0 O 1 0 1
11 o0 1 1 1 1 1 1
A'(w)'-' B(LO) = C(HI) A{HI) ¢ B(LO) = C(LO) A(LO) « B(LO) = C(LO)
A*B=C - A*B=C A«B=C
0-.0=1 1°0=0 0+0=0




0|
a
fo}

~~OoO>
~OrROW
- )
=-=oO0O»
-0 mow
cobrRA
Hécob
-0 O W
O =0

A(LO)OR B(HI) ="C(LO)  A€LO) OR B(LO) = C(HI)  A(HI) OR B (HI) = C(LO)

A+B=C A+B=C A+B=C
0+1=20 0+0,=1 1+1=20
Section B - Timing Diagrams ' N

4

Since switching circ it input signals come from a variety of sources, such as
clocks and counters which are constantly changing states, an understanding of P
when switching operations take place is essential to the understanding of the
overall operation of digital circuits. Timing diagrams provide a means of deter-

- °  mining the output 9f a particular gate at any given time 1if the signal input timing
. chain 1is given.

Example

The following timing diagram shows the output of an AND gate and an OR gate
for a given A and B input.
‘ 1

1 . - .
OR - . - ! _l

' N Timing Diagram for an AND GATE and OR GATE

The "AND" gate output is in the "1" state only when A and B are 1.
[:R\!: "OR" gate output is in the "1" state when A or B is 1.

g
e
L
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, Section C - Integrated Circuits® ‘ ) Y.
4. o By A N N . N .
]

<

VaEugn tubes were used in the past to perform switéhing and amplifying functioﬁh} ' %|
Tubes have been replaced with solid state devices which provide advantages in size
tand power requirements.-, Modern technology is constantly improving on the physical .

size, power requirements, switching time and noise igmunity of solid state circuits.
. Special fabrication techniques make it possible: to build complete systems on a :
* - single base called a chip. Devices which have many active and passive circuit ~'I
+ ‘components on a single chip are called Intqgrated Circuits. Integrated circufts ., .
fall intq three cdtegories distinguished by the number of circuits constructed -
,  on a single chip. Small scale integration. (SSI) chips contain from 1 to 11 ‘gates. l
. - Medium scale integration chips (MSI) contain 12 to 99 gates and large scale inte-
* /ggation (LSI) chips contain over 130 gates. . . A .
. The availability, reliability and low cost of digital IC's has made it possible _ l
~to construct sophisticated logic circuits with a minimum of hardware and design
effort.- It is no longer necessary to construct logic circuits from discrete :
- components, since gach IC logic family has all of the major operational circuits 'I
L bujlt into IC chips. A logic system of any type desired can be assembled by
properly combining available IC packages. - ’ I

i

$o

(53

’ LARGE- SCALE INTEGRATION ~ INTEGRATED CIRCUIT
Figureﬁ?.4 L.

: ic circuits all of°which
development of several different types of log
I:gf;:mt::e same gzsic functions. They differ only in letage levels, awitchi:g o
. zimes and power requirements. Circuits from these various logic families ma? e
, L
in a single system if precautions are taken to assure compat
::iizzitziwéen syazzms. This .18 accompiished by using interface circuits which .
modifyoopgréting patameters. A list of various logic families is given on Fhe
O following page along with a table of their performance characteristics. SN l
e l‘ n ~ s . “f ‘ P

e -
ﬁifferent approaches to the problems of improving design parameters of IC's have I
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POWER/GATE  PROPAGATION FAN NOISE SUPPLY  BASIC GATE
C FAMILY {watts) . DELAYS-Jgs) OUT IMMUNITY ° VOLTAGE LOGIC
- . KL -1
Resiator 12x10 50 . .5 8v +3.6V NOR
JTransistor L. .
Logic ) . &

- e g

‘DMode " 12x1070 30 8 4V +5 " NAND
Transistor -
Logic . . .

ok S ‘, LA
-

. Transistor 12X10 ° 12 10 RN +5 NAND
Transistor : ‘
Logic . : ) , :

men—- . 50X10 50 504 1/3 of VCC +3,+18V NOR/NAND
tary Metal

. Oxide Seami-~ . . . .
_conductor - :

4 .25  Variable -5.2V OR/NOR

) -
Electron 50X10
i Coupled
: Logic ‘

R & a ~—

'm. Dip Circuits

In our discussion of hardware and cirguit applicatious we will use IC's w:.th dual
isline pins of the TTL family. . )

B

" 7L 1s an abbreviation for Iransistor-Transistor-Logic which is a descriptive
title of the internal circuitry used in the chip. TIL packages aré very inexpen-

sive and cover the whole gamit of logic operatioms.

Por example, below is the schematic diagram of a standard TTL, QUAD NAND Gate
~ (7409) .~

o = &— — —

4 1.8k } 1300
>

INPUT

INPUT =

Figure 7.4 - TTL 7400: 65
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-

In this chip (about 1/4 the size shown) are 4 independent NAND gates that may
be used singly or in combinations. B
All TIL logic, requires a supply voltage of +5V. Nominally{ a logical "1" for
this family is +5V and a "0" is OV. However, the circuits actually operate with
0's ag high as .2 V and 1's as low as 2 volts.

Laboratory ..
/ rd
Using 7400 series AND, OR, NAND, and NOR gates, develop truth tables for ,
the various logic circuits. If the output voltage level is above
+ 2V, place a 1 in the data table. If the output is below .2V, place a 0 in the
table. .
Problems

1. Using the following TTL IC's, verify their truth tables. Make a table
of output vs input voltages for each of the following gates and compare the
resultant outputs to the truth table.

7402 QUAD 2 input NOR gate
7432 QUAD 2 input OR gate
7408 QUAD 2 input AND gate

7404 HEX inverter

Multivibrator

Logic gate ctircuits respond only to the immediate condition of their inputs.

When any one input changes, the output responds to that change. There are other

"ogic circuits with outputs controlled by their input but which maintain the

same output even when the input is removed. Their output changes wien activated

by a switching pulse called a trigger pulse. These devices are <1is.d multi-
vibrators. There are three classifications of multivibratnrs--astable bistable,

and monostable. ¢

i\
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Pulse Shaping Circuits
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3

Astable Multivibrator--Astable or free running multivibrators switch
alternately between Lo to Hi states. Switching yates are deter-

mined by the RC time constants of coupling networks. This circuit

has no stable state since internal -switching circuits keep it oscillating
between states. The trigger pulse is generated internally.

Bistable Hultivibrator--kistable multivibrators, called flip flops, switch
from high to low or low to high under the control of an external switch-
ing pulse. This circuit has two stable states and can be switched from
one state to the other ohly by applying a trigger pulse. Bistable multi-
vibrators are used extenkively in digital circuits and come with a variety
of switching and coptrol;ﬂharacteristics.

Monostable Multivibratorr-A monostable muitivibrator, called a one shot

has only one stable state. When driven out of its stable state by a
swvitching control pulse,| it will return to its stable state due to internal
switching dction. The :ime required for the circuit to return to its
stable state after beingiswitched is determined by an RC coupling circuit.

Multivibrators have two activb states which are complementary, that is, when
one element is high the other must be low. It is possible to use either or
both outputs if complementary or_inverse functions are desired. The outputs
are usually designated by Q and Q. When output is high, Q is high, Q must

be low and the MV is in the 1 state. When output Q is high, Q must be low and
the MV is in the 0 state. )

-

‘_—-—— Q P————
Timing
Control ———ﬂ
Inputs -—
» ———————— Q —————

Figﬁre 7.6 - Multivibrator Block Diagram

Pulse shapes can be a critical factor in proper operation of switching circuits.
Switching speeds, pulse amplitude and pulse duration are parameters which control
noise, timing, and logic levels in digitalcircuits. A specific nomenclature
is used to describe the defining parameters of pulse shapes. Figure 7.7 shows
a square wave pulse and its shape defiiing pavameters. -

'
!
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Pulse Width itude

Time UndershootA

Fig. 7.7 SQUARE WAVE PULSE PARAMETERS

Special circuits are used to generate pulses with characteristics that fall
within specified 1limits for proper circuit operations. L

Schmitt Trigger

Pulse shaping circuits are used to quantify analog ‘signals or to reshape
digital pulses which have degenerated. One circuit used to perform pulse
shaping is the schmitt trigger. A Scumitt trigger is a bistable wultivibrator
that is turned on and off by diffei'ent levels of controk signals. It has a
very short rise and fall tine when triggered. The voltage level which
triggers the circuit from OFF to O is called the upper trip point (UTP) and
the voltage level which triggers it from ON to OFF is called the lower trip
point (LTP). Output pulse duration time is the time required for the control

signal to go from the UTP level to the LTP level. A small trigger symbol and

a Schmitt trigger circuit with its trigger level and output are shown in
Pigure 7.8.

Schmitt Trigger IC Symbol ~

Fig. 7.8 (A)

o
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. Pig. 7.8 (B)

1 Laboratory

diagrams.

Signal conditicning is essential to proper system performance even though
the conditioniug circuits are not part of the data control and manipulation

verify the truth table using an OR gate and a NOR gate.

Diffeventiating networks and one shot multivibrators can also be used to
. Produce pulses with rapid rise times and pulses of varying time durations. o

Write the expression and construct a truth table for the following logic



-68~-

CHAPTER VIII
COMBINATIONAL LOGIC
Signal processing circuits which use various combinations of AND, OR, NAND,
NOR and NOT gates are called combinational logic circuits.

Section A - Trutﬁ Tables

In the introduction to single gate operations a simple tabulation of

all possible combinations of a two input gate was used. The output for each -
of these combinations was determined by the type of gate through which the
signals were passed. The number of combinatiuns possible in these tabulations
depends upon the number of input variables used._ For a single variable ‘A’
there are only two possible states, either A or A (NOT A). Since B can have
two states, B and B (NOT B) and there can be two A states for each B, this
makes a total of 4 different combinations of variable states. If 3 variables
are uged there are 8 possible combinations. If n variables are used there

are 2 ' possible .combinations. A table of- combinations for one, two and three
variables is shown below. -

¢

a

ONE_VARTABLE TWO VARTABLES THREE VARIABLES
A A B A B _C
0 0 0 0 0 O
H 0 1 0 0 1

1 0 0o 1 0
1 1 0 1 1
1 0 0
1 0 %
1 1 0
1 1 1

Possiblie Variable Combinations

Section B - Circuit Synthesis and Analysis

Logic gates can be constructed to provide a specific output for any given
combination of input variable states. The desired function can be written -
as a logic expression and from this expression an appropriate logic cireuit
can be constructed. Constructing a circuit for a given expression is the
process of circuit synthesis. Deriving an expression for a given combination
of logfz gates is the process of circuit analysis.
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1. Determine the dutput of the following combinational logic circuit.

F=(A:B)+ (B.-(C)

A+ B) + (B - C)
F

1 O i

a

2. Construct a combinational lozic circuit from the following expression.

- A+B° C+D=E

)|

3. Write the expression for the following logic circuit.
A°*B+C-*D=E

I°{"

7

D_,
D

1. Construct a logic diagram {or each of the following logic expressions.

Exercises
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2. Write a logic ekpression for the outpﬁt of each of the following circuits.

A A ‘
=D | Da
‘ B NOR
I = carr; @
c |
D l ‘ ' C

Logic Tables and Variable State Combinations

The logic function performed by AND, OR, and inverter gates produce either
a 1 or 0 out depending on the logic level of the input variables. A table
of qu, OR and invert logic functions is shown below.

Logical Multiplication Invert Logical Addition
(AND) (NOT) (OR)
0°-0=0 0 =1 0+0=0
0-1=0 1=0 0+1-=
1-1=1 _ 1+1=1 )

Logic Function Table

The variable X can assume one of two states; it can be either 1 or 0, there~
fore we can say:

~au

If X=1, then X =1 = 0. and If X=0, .hen X =0 =1.
also, X=X also, X=X ’
INVERT : AND OR
X X X+ X=X X+ X=X
01 : X+ X=0 X+ X=1
10 1-X=1 "1+x=1
0-X=0 0O+X=X

Variable State Combination Table

TS
<3
S




_Combination A Logic Output

“~The output state of a combinational logic circuit can be determined by con-
structing a truth table for the logic expression and applying the rules of
logical combinations established in the sbove logic table.

3

Example

Determine the output state of the following logic circuit if A=0, B =1
and- C = 1,

~
N\

A \
B ] e
B E A-B+B-C=E
B
c
~ Logic Circuit !
A B C A-+*B B --C A«B+B--C
o 0 o - 0 0 0
o o0 1 0 0 0
_0_1_o9 0 0 - 0
i 7
Lo 1 _lp=-=--- pPm===mlmmmm - —— 11
| 1 0 0 / /o0 10
| 1 0 1 / {wo lo
| 1 1 o // y O :1
| 1 1 1 / 1 ! 1
) |
4 |
| \ !
Truth Table
| \ | I
| M | l
n \ ! |
| )‘ I - i
[ (2 / | )
|
i
1
[




Section C - Boolean Algebra .

Synthesis of logic circuits is the process of developing a combination of

large gates which will perform the function specified by a logic expression.

In many cases the desired output can be achieved by several different choices

of gate combinations. In cases where multipnle variable combinations are used,

some of the gate combinations may ie redundant and therefore unnecessary.

Designers should reduce the analytic expressions to their simplest terms to elimi-
nate unnecessary circuity and optimize the final circuit configuration. The process
uf reducing circuit redundancy analytic¢ally is the subject of Boolean Algebra.

The relationships of logical combinations and the state relationships of -
variables can be combined to form a‘set of laws for Boolean Algebra. The
validity of each law can be tested by allowing the variables in its expres-

sion to assume values of either 0 or 1 and show that the values on both sides of
the equal sign are the same. Truth tables provide a method of keeping track

of assigned values for variables in verifying the laws of Boolean Algebra.

They can also be used as a direct means of simplifying a Boolean expression.

Laws of Boolean Algebra

The laws of Boolean Algebra are different -om the laws of ordinary algebra.
In Boolean Algebra, the same rules can be applied to logical product terms
and logical sum terms. This is not true of ordinary algebraic relationships.

Distributive Zaw: A - (B+ C) =A - B+ A - C (1)

A+ (B -C)=(A+B) - (A+C) (2) -

Both of the above relationships are valid in Boolean Algebra, but only the
first is a valid ordinary algebraic relationship.

The validity of Boolean expressions can be verified through the use of
truth tables.

L

Example

Verify the above distributive law expressions using a truth table.

A B C (B +C) A-(B + C) A-B A-C AB + A-C
0O 0 O 0 0 0 0 0
0O o0 1 1 0 0 0 0
0O 1 0 1 0 0 0 0
0 1 1 1 0 ' 0 0 0
1 0 o0 . 0 0 0 0 0
1 0 1 1 1 0 1 1
1 1 0 1 1 1 0 1
1 1 1 1 1 1 1 L |

Identical Results .-——-”.7

’5
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The truth table showé that A © (B + C) will produce the same outputs as
A'B + A°C ‘and verifies the distributive law: .

A- (B+C) =A-B + A-C

[

The second expressidn can be verified in a similar fashioﬁ.

C (B - C) A+ (B - C) A+ B A+ C (A+B)(A+C)

- A B
0 0 o 0 0 0 0 0
0 0 -1 0 0 0 1 0 )
0 1 0 ¥ 0 0 1 0 0
o 1 1 S | 1 1 1 1
" 1 0 O 0 1 1 1 1
1 0 1 0 1 1 1 1
1 1 o0 ) 1 1 1 1
1 1 1 1 - 1 1 1 1
‘“\ Identical Results __—)'
< =

-

: The above truth table proves the validity of the expression:

A+ (B -C)=(A+B) - (A+C)

Example . N

Applications of the distrjbutive law.

1. Prove: __
. AB+ A-B=A
Proof: __ _ 4 <
. AB+AB=A"-(B+B) from 1 above ) )

(B+B)=1 from variable state combination tables

A° (B+B)=A-1=23
2. Prove: - . ’
(A +B)'(A+B)=A -
B Proof: - . -
(A+B)-(A+B)=A+ (B - B) from 1 above
(B ° f) = 0 from variable state combination table Y

A+ (B-B)=A+0=A — {

70
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Example
Simplify the following expression.

x n
'A-B-C + A-B-C + A-B
Combine terms 1 anc 2.
A-B.C + A-B-C = A.B-(C+C) = A-B..( 1) = A-B (
s Combine results above with term 3. ' -
 AB+AE=A(B+E) =A-1l=A -
A‘B-C + A-B.C+ A-B = A c ; . ) ' Co-

Regardless of what values B and C assume, the output will always be the same,
as A, so the AND gates and OR gates are unnecessary.

The above results can be verified by use of a truth table.

Example
) Reduce the following expression.
A“B-C + A“B*C + A-BC
R

Combine Ferms 2 and ‘3.

@® ABC+ABC=AB(C+C)=AB"1=AB
Combine t%rms 1 and 3.
®. AB-.C+A-B-.C=AC(B+B) =AC:-1=4aC -

. Combining @ and ®
A<B + A-C = A-(B + C)

. A*B'C + A*B°C + A*B:C = A-B + A:C = A+ (B + C)

i

°




From the above example it can be seen that a term may be used as often as’

reedcd in reducing combinations. This results from the fact that X + X = X . Lo
and X - X = X so that any term may be repeated in an expression as often as

desired without changing the value of the expressions.

[

A*B+A'B+AB* A'B - AB = A'B

DeMorgan's Theorem

' . 2 .

In a lab exercise for Chapter VII, expressions of DgMorgan's:Theorem were
developed. This theorem provides the basis for duality in Boolean expres-
sion. A general procedure for applying DeMorgan's Theorem to an expression
is to change all AND symbols to OR'S, change all OR'S to AND'S and INVERT

each term of the expressibn.

< ,

Examples - .
— - e *
A+B=A"8B A*B=A+B_ R
A*B+B-C=A+B-B+C A+B -B+C=AB+BC

.
o
¢

Sum of Products--Product of Su.s

<

Consider the expression: A-B3C + A-ﬁlc +LK-B;E + AB-C = F  (Sum of Products)

-

The original terms in the left hand column of the above example are product
terms. All variables in each term are ANDed or logically multiplied together
forming a product. These terms are ‘then ORed together or logically ‘summed
producing a total expression which is a SUM OF PRODUCTS. Sum terms which

are logically ANDed form an exprission which is a PRODUCT of SUMS.

3 4 R y
.

A Boolean expression of terms set equal to *{' can be replaced with én\\E::fted
expression set equal to 'Q'. Either of these expressions may be used in“-she
simplification process. They will produce combinations which differ only in

the type of gate arrangement used to aghieve the desired results. SUM of
PRODUCT terms require’AND gates feeding an OR pate. “PRODUCT of SUMS terms
requires OR gates feeding an AND gate. PRODUCT terms are called minterms

and SUM terms are called maxterms. .

' - . . , ~—

*

¢ ) ) )

Example

" Simplify the following SUM of PRODUCTS expressian above using min terms and max-
tel‘mS . Ve i

-

: - S . .

3 L0



i TRUTH TABLE L

‘l
F :
A B C onT '0' Terms 'l' Terms ‘ .
0o 0 0 o© ABC :
0 0 1 0 ABC _
o0 1 o 1 _ ABC ] .
c 1 1 0 ABC ’
1 0o o 1° ABC )
1 0 O 1 ABC X
1 1 o 1 . ABC K |
- 1 1 1 0 ABC - .

Grouping all of the terms which\produce a 'l'JOUT form a Sum of Products j
expression. ' ;

- A*B°C + A*B'C + A*B°C + A*B°C _ (Sum of Products) -

Combjine terms 1 and 3.
A-B-C + A-B:C = B-C

Combine terms 2 gnd 4. c‘ . ’ ,
A-B-C + A-B-C = A‘B . .

- -

.C + A-B-C = A-B + B-C (minterms)

[+

A-B-C + A-B-C +A-

- - M) -

¢ : ° e ' R R
Grouping all of the terms which produce a '0' OUT and applying DeMorgan's
Theorum forms a Product of Sum Expression. . .
Write the expres:sion for the product terms which broduce ¢ in the output i
column of the truth table and apply BeMorgan's Theorem to produgg sum terms
which equal 1. This is the maxterm equivalent of the original minterm expres-

s

v

»~

s sion. Lo R .
ABC+ABC+ABC+ABC=0%1 : ‘ T
- (A+B+C)-(A+B(;+E)-(Al+§+'é')°-(iﬁ+§+5) =1 (Product of Sums) " -
. * Combine terms 1 and 2. ‘ A ¢
(1\¢+B+C)(A+B+E)=(A+\B) .
,

A

Combine terms 3 and 4. | ' -
(A+B+C)-(A+B+C) = (B+C)
A*BeC + A*B¢C + A*B'C + A*B'C = (A + B).(B + C) (maxterm)

Fs
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Circuit to Implement Ilinterms *

Karnaugh Mapping

RN e e = 8 e e e e M s e e e e O i G - el e - - A F

Circuit to Implement Maxterms

If the maxterm jexpression in- the example above is expanded it will produce
a minterm expression identical to the reduced expression of the original
minterm expression. A .

o

(A+B)4(B+C) =AB+8B +BC=AB+B-C, (sunce BB = 0)

t

o

® Methods have been devised to facilitate the process of circuit sim,.i. ication

usin§ Boolean Algebra. A widely used method of simplifying circuits of three and
four variable expressions is Karnaugh Mapping. Since the simplification

process is used primarily in circuit design, this introduction to Boolean
Algebra will suffice for our present needs.

Problems

4

Write the aaxterms for (hL: following Boolean expressioms.

F = A*B*C + A-B-C + A-B-C

B+

"F = A.B-C + A-B°C + A°B-C _

Write the minterms for the following Boolean expressions.
F=(A+B+C)(A+B+C)-(A+B+0C)

F=(A+B+C)-(A+B+Cyr(A+B+¢C)

% .




. Example: Find the decimal values of the following binary rumbers: 1010.011,

CHAPTER IX

BINARY ARITHMETIC -

3 -

Section A - Binary Numbers

" The Binary Number System is based on the use of only two symbols, 1 and O.

The Decimal Number System is based on the use of ten symbols, 0 through 9.

In the Decimal system, a number larger than 9 must be represented by a com-
bination of symbols. The position of the symbol relative to a decimai point
det..mines the true, value assigned to the symbol. The number 6. has a value

of six; 60. has a value of 10 x 6 or sixty because the 6 is two places from

the decimal ‘point; 600. has a value of 100 x 6 or six hundred since the six
is three places from the decimal point. The position of each digit relative

to the decimal point determines the power of ten by which it muét be multiplied
to produce its true quantity. The decimal number 642 is equal to:

(102 x 6)+(101 x ;‘)+(.10o x 2)= six hundred + forty + two

Ten j- the radix of the decimal system--it is the number by which digits in
a nuwber are multiplied to determine their positional value.

The weighted value of digits in any number system 1S determined by multiplying

each digit by the system's radix raised to a power determined by its position
relative to a radix point. For binary numbers the radix is 2 so each digit is pmuiti-
plied by some power of 2 which increases to the left of the radix point and
decreases to the right of the radix point (binary point).

101i =(2% x 1)+(21 x 0)+(20 x1)=4+0+1=5

.101, =1 x 27D+ x2’2) +1x23) =1/2+0+1/8 = 5/8

1101.101, 110.1

Positibn Values Decimal Value
7 AT P U G L P ST I

1 0 G . 0 1] —mmm» 10.375

1 1 0 S | —  13.625

0 1 0 . 1 Q =-—————» 6.5

To convert a decimal number to its binary equivalent, divide the decimal number by

2 and place in the binary number position a '0Q' if no reiainder js obtesined and a t -
if a remainder is obtained. The first value obtained is tie least significant

digit (LSD). .

8+
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Example
Convert 2510 to its binary equilvalent.
Division Remainder
2 {25 =1
2 |12 ' =1
2 |6 ! =0
2 |3 . R=0
2 |1 ; R=1
0 =1
2510 = 110012

‘To convert the fractional part of a decimal number to binar;, multiply the decimal
mber position A '0' if a whole number is not
Remove the whole number and

number by two and place in the
generated and a 'l' if a whole
continue multiplying the fractiopal number only.

Example

t

Find the binary equivalent 6f(l3L .

Binary Digit
— .36 ’ R-41ix point
2 .
w72 0 |
2 ‘
X.44 1 |
“—j»:—,-- e e e e e e e
.88 0 '
2 |
X.76 1 !
_2 ,
X.52 1 ;
_2 I
X.04 1 !
i
0.3610 = .0101112 etc. { X

|
Problemg ) |

ber is generated.

Binary Digit

Copverl'khe following binary numjers to decimal values.
10010.0110

- X 1011.110 11‘0.0101

Convert the following decimal numbers to binary.
}
36.25 29.5

85
S

e

(Carry to 6 places after radix point.)

18.625

.

O R - Y - T

Radix point

READ UEr -
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Arithmetic Circuits

Bin.'y arithmetic can be performed by switching circuits in many ways. Cir-
cuits used and logic operations performed in implementing an arithmetic opera-
tion are a matter of choice of the system designer. A sequence of operational
steps used to perform specific operations is called an algorithm. The choice of
algorithms used to solve problems depends on both applications and economics.
A simple algorithm for performing multiplication is to use repeated addition,
6 x4 =6+6+6+6. A simple algorithm for performing division is using
repeated subtraction and counting the n:mber of times the divisor has to be
subtracted from the dividend to make the final difference 0 or as close to

0 as system limitations will permit. 18 4.6 can be determined by )
18~ 6 -6 - 6 =0 or 3 subtractions.

Binary Adders

IC

Consider the simpf%st addition that can be performed; the addition of

only two digits. Construct a table of results for all possible combinations of
two variables. A circuit which will perform the operation shown in :he truth
table is called a half adder.

=-=ao|»
-0~ Olw
O - Oo|wr
~ o o ola

Half Adder Truth Table

The hardwz - =eeded to implement the operation shown is a combination of gates
which will produce a 'l' output for the following logic expressions (A - B) +
(A - B) and a '0' out for all others. ‘his circuit is recognized from
previous discussions as an EXCLUSIVE OR (XOR) circuit. An XOR circuit will

Sul output for a halfadder: A carry output is produced only when
A and B are both 1. The carry output therefore requires 6nly a simple AND gate.

Exclusive OR Gate

Figure 9.1
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The addition -of two ﬁumbers cannot be performed correctly by a half adder since
no provision Is made to accommodate the ‘carry generated by adding 1 + 1. Another
half adder is needed to add a carry digit. o

Full Adder

A full adder consists of two half adders, one to add the addend and one to add
the carry generated by addition of the two previous digits. A truth table for

a full adder must include the additional variable Ci to determine the sum

and carry out values that will be generated by the total addition process. A and
B are the two numbers to be added and Ci is the 'Carry in' number generated by
additi-n of the previous digits in the sequence.

2
o
=i

AB-C+AE-C+A-B-C+A-B-C
A-B-C+ A-B-C+ A-B-L + A-B-C

@]
pebe
(]
Q
w
1t

Co

which reduces to

"Co

A-B + B-C + A-C

OOMOKF MO Wn

-

HEHER,ROOOO >
= OOMMEROO |tk
HOMOKORO

—_ e OO OO

B
(@]

HA 1 r__—.1

HA S

|
|

Figure 9,2 Truth Table & Block Diagram of Full Adder

Binary Subtractors

Half Subtractor

The process of binary subtraction can be implemented in much the same way as
binary addition. From a truth table for subtraction of one digit from another
a half subtractor can be defined. A half subtractor makes no provision for
handling-a borrow term resulting from the subtrahend digict being larger than the
menuend digit. A truth table -and circuit diagram ror half subtractor X-Y is
shown in Figure 9.3,




X Y
0 o0
e 1
1 0
1 1

D B
-77___5ﬁ‘
1 1
1 0
0 o0

Figure 9.3

o
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D=
B =
D=X- -Y+X-Y
B =

Difference

Truth Table and Logic Circuit for Half Subtractor

_The secendrow of the truth table says that in order to subtract 1 from 0, a
borrow from the next most significant digit must be made so a 1 is placed in the

B column. The value of the menuend X is then increased by 2. When the new
value of X is diminished by the value in Y, it leaves a difference of 1 as

indicated in column D.

Full Suotr-actor

- A full subtractor performs the borrow operation by subtracting 1 from the next

L An additional variable Bi (Borrow in) is included in the

truth table to indicate the circuit combinations needed to implement this borrow
operation. A truth table and circuit for a full subtractor is shown in Figure 9.4.

Bi (Borrow in) means the minuend has been borrowed from in a previous operation.

Bo (Borrow out) means the minuend must borrow from the next most significant |

MSD when required.

digit (MSD).

Example

Y

-0 OO O«

HOMOMOMO|W

Figure 9.4

" erlc

IToxt Provided by ERI

=== o oo olx

ouT

D Bo D=X.YBi+XYBi+XYBi+XYBi
0 0

1 1 Bo = XeY+Bi + X*Y+Bi + X°Y*Bi + XeY-Bi
1

0o . Bo = X*Bi + X'Y = YeBi

1 ¢

0 o

0 o

1 1

Full Subtractor X - Y




-83~

tor

Section B - Complemente@iﬂembers=

Decimal Complements

‘The process of subtraction'may be performed by addition using complements of -

Example o -

Example

1

negative numbers. One of two types of complemented numbers may be used, either
the true complement or the radix minus une complement. In the decimal system the
radix minus one complement of a num »r is found by subtracting each digit, of the
number from 9. The true complement is found by adding one to the least signifi-
cant digit of the radix minus one complement.

-

Find the true complement and radix minus one complement of 697.45.

Radix minus one ¥99.99

Subtract 697.45 Radix 1000.00
Radix minus oue complement 302.54 SubtrAct 697.45
Add 1 to LSD <1 True /Complement 302.55
True complement 302.55 (

When per{-rming subtraction by adding complemented negative numbers to noncom-
plemented positive numbers,a car:'y will be generated by addition of %4c wost
significant digits. Disregard the carry digit when true complements are used.
Add the carry to the LSD of answer when radix minus one complement is used.

Subtract 23 from 56 using true and radix minus one complements.

Step 1 - rfind the true complement and radix minus one complement,

True complement nf =23 = 77
Radix miaus one .omplement of -23 = 76

Step.2 - Perfrom subtraction using the true complement.

56 ‘ 56
-23 True Complement +77
33 Drop the carry digit 133 = 33

Step 3 - Perform subtraction using the radix minus 1 complement,

56 56 |
=23 Radix minus one complement _76 |
"33 End around carry . 132 |

Add carry to LSD

s 1 / ' |
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Binary Complements

a

- ?
The same procedure can be used to perform subtraction in the binary system.

The radix minus one complement or 1's complement of a binary number is found by
subtracting each digit from 1 which is the same as changing all 0's to 1's and
all 1's to 0's. The true complement, or 2's complement is fourd by adding 1

to the least significant digit (LSD) of the 1's complement.

Example

Find the 1's and 2's complement of the following b*nary number.
Given binary number 10110.10 -
To find radix minus 1 complement
(1's complement) 11111.11
Subtract : 10110. 10 .
1's complement 01001.01 v

Procedure for finding the radix minus ] complement

To find the true complement (2's complement)

1's comolement 01001.01
Add 1 to LSD ) . 1
True complement 01001.10

Procedure for finding the true complement

The same rule for handling a carry generated by addition of MSD's as shown for
decimal numbers applies to binary numbers. For 2's complement the carry is
dropped. For 1's complement the carry is added to the LSD of the answer.

Example:

Subtract 101.01 from 11011.10 using straight subtraction, using ''s complements;
‘using 2's complements.

NOTE: Always place~a;m$5ny digits iﬂtfhe subtrahend as are giveﬁ in the menuend.

By subtraction 11011.10 27.5
‘ ~-00101.01 - 5.25 ‘
Ans. 10110.01 22.25

1's complement of 00101.01 = 1101G.10

2's complement of 90101.01.- 11010.11

s

f}g's complement 11011.10 2's complement 11011.10
oy - 11010.10 11010.11
end -around " drop carry 1 10110.01 Ans.
carry 1 10110.00 —_— '
1 ~

Ans, - 10110.01

S0

17
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Exercise e

- . Subtract 17 from 66 using binary numbers and both 1's and 2's complements.
’ 10 10

ANS. 110001
"SIGNED NUMBERS

The sign of binary numbers, + or -, 1s denoted by placing a 1 to the left of the
numbers MSD for negative numbers and an O to the left of the MSD for positive
numbers. In 1's and 2's complement system a 1 in the sign bit position means

that the number which follows is in complemerted form. In binary addition and’
subtraction using complemen operation the sign bit is treated as another digit.
In arithmetic operation the sign of the answer is generated by the summing process.
If an answer has a 1 in its sign bit position, answer is negative, and the true
magnitude of the answer is the complement of the number shown.

Example
Write the following numbers in binary using a sign bit.

12 -»0.1100
13 »1.1101
5 »1.0101
10 »0.1010 .

i
-

11+

+

Qo

Example
Write the above numbers as they would appear in a 1's complement system.

+ 12 -90.1100
- 13 +1.0010
-5 1.1010
: + 10 90.1010

Example _

Subtract 13 from 25 using a 1's complement binary system.

+ 25 0.11001
- 13-91.10010 - complement of 01101
‘end around carry 1 10.01011
| G
+ 12 0.01100

~
™~




Example

+ 13-»0,01101
- 25-»1.00110

‘Complement  1,10011
Magnitude - 01100

Example

End around carry Cl

Add -25 and -13 using 1's complements.

4

=25
-13

Complement
Magnitude

Examples

1'

+

End around carry

2'

+

Drop t

+15 - + 1111—»0.1111
8. = 1000—*1.1000

Drop

-86-

Subtract 25 from 13 using 1's complements.

Answer is a complemented negative number
-12

NOTE:

1.100110
1.110010
1.011000

1

1.011001
- 100110

> -38

Complement subtraction - signed numbers.

s complement
10 + 1010 -»0.1010
12 -1100 -#»1.0011

1.1101 = -0010

.10 -01010 ~-#1.10101

12 -01100 -»1.100i1

(= 11.01000
“»

1 &

- o -1.01001 = -10110_é_

s complement /

7 + 0111 -»0.0111
9 - 1001 =-»1.011] @«—--——"

4
P

-01110 -»1.10010 @€—

Y

Provide enough places to avoid
overflow.

Two's complement

Two's complement

1.1110 = -0010,
k——-‘_—_—__—
= -10100,

carry —p 1.01100

4
G -00110 -»1.11010
the

the cgrry~—9 1. .0.0111 = oO. 0111

‘_—__'_____.__.--Two s ¢omplement—
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Exercise

Pertorm the following arithmetic operation in binary using signed numbefs in a
2's complement system.

12 + 15
28 - 14
-15 + 2
-33- 8

Multiplication and Division

.

As mentioned earlier, the arithmetic operations of multipiication and.division

may be performed by repeated additions and subtractions. Other algorithms have
been developed for performing multiplication and division with fewer operations.
These algorithms make use of the fact that shifting a number left one place is the
same as multiplying by its radix and shifting right divides the number by its
radix. Multiplying by O produces a partial product of 0 and multplying by 1
produces a partial prodict equal to the multiplicand. The simplicity of devel- ‘e
oping partial products and performing shifting operations makes the implementa-

tion of multiplication and division algorithmg easy to achieve even though many i

operations may be required. //
-Lab Exercises: Construct a full adder from a given circuit diagram
Construct a full subtractor from a given circuit diagram
. Perform subtraction using an adder and complemented numbers




